Polymorph dependent linear and nonlinear optical properties of naphthalenyl functionalized fluorenones by Ju, C.G. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/203699
 
 
 
Please be advised that this information was generated on 2020-01-01 and may be subject to
change.
Article 25fa pilot End User Agreement 
This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet) 
with explicit consent by the author. Dutch law entitles the maker of a short scientific work funded either 
wholly or partially by Dutch public funds to make that work publicly available for no consideration 
following a reasonable period of time after the work was first published, provided that clear reference is 
made to the source of the first publication of the work.  
This publication is distributed under The Association of Universities in the Netherlands (VSNU) ‘Article 
25fa implementation’ pilot project. In this pilot research outputs of researchers employed by Dutch 
Universities that comply with the legal requirements of Article 25fa of the Dutch Copyright Act are 
distributed online and free of cost or other barriers in institutional repositories. Research outputs are 
distributed six months after their first online publication in the original published version and with 
proper attribution to the source of the original publication.  
You are permitted to download and use the publication for personal purposes. All rights remain with the 
author(s) and/or copyrights owner(s) of this work. Any use of the publication other than authorised 
under this licence or copyright law is prohibited. 
If you believe that digital publication of certain material infringes any of your rights or (privacy) 
interests, please let the Library know, stating your reasons. In case of a legitimate complaint, the Library 
will make the material inaccessible and/or remove it from the website. Please contact the Library 
through email: copyright@ubn.ru.nl, or send a letter to: 
University Library  
Radboud University 
Copyright Information Point 
PO Box 9100 
6500 HA Nijmegen 
 
You will be contacted as soon as possible. 
Contents lists available at ScienceDirect
Dyes and Pigments
journal homepage: www.elsevier.com/locate/dyepig
Polymorph dependent linear and nonlinear optical properties of
naphthalenyl functionalized ﬂuorenones
Chenggong Jua,d, Xinyue Lib,c, Guang Yanga,d, Chunqing Yuana, Sergey Seminc, Yaqing Fenga,d,∗,
Theo Rasingc, Jialiang Xua,b,∗∗
a School of Chemical Engineering and Technology, Tianjin University, Yaguan Road 135, Tianjin 300350, China
b School of Materials Science and Engineering, Nankai University, Tongyan Road 38, Tianjin, 300350, China
c Radboud University, Institute for Molecules and Materials (IMM), Heyendaalseweg 135, 6525, AJ Nijmegen, the Netherlands
d Collaborative Innovation Center of Chemical Science and Engineering, Tianjin University, Weijin Road 92, Tianjin, 300072, China
A R T I C L E I N F O
Keywords:
Fluorenone
Phase transition
Polymorph
Nonlinear optical properties
Self-assembly
A B S T R A C T
Molecular and supramolecular engineering is an eﬀective approach to the modiﬁcation of the optical properties
of organic light emitting materials. Here, naphthalenyl groups have been introduced into the ﬂuorenone
backbone with diﬀerent substitution positions to obtain target compounds 1-DNFO and 2-DNFO with modulated
intermolecular interactions and self-assembly behaviors. Five crystal phases of the two compounds (three
polymorphs for 1-DNFO and two polymorphs for 2-DNFO) have been obtained through careful tuning the op-
eration parameters. Through the synergetic hydrogen bonds and van der Waals interactions, molecules are
arranged in either centro- or noncentro-symmetric ways in these crystal phases to obtain very distinctive linear
and nonlinear optical properties. Thermal analyses and variable temperature powder X-ray diﬀraction (VT-
PXRD) measurements revealed thermally induced phase transitions between the polymorphs of 1-DNFO and 2-
DNFO, respectively. The feasibility to control the morphologies and thus their linear and nonlinear optical
properties, makes these kinds of crystals attractive for optoelectric applications.
1. Introduction
Organic light emitting materials have sparked appreciable research
interest for their wide applications in ﬁelds such as data recording and
storage [1,2], anti-counterfeiting [3], artiﬁcial lightning and display
[4], bio-imaging [5], etc. These applications in diﬀerent ﬁelds originate
from the diverse dimensions and architectures of the organic materials,
which are not only related to their molecular structures, but also to
their supramolecular packing or arrangement on the macroscopic level
[6–9]. When organic molecules with well-deﬁned structures can be
readily obtained by organic synthesis through proper molecular design,
the real challenge lies in the control of the ordered arrangement of such
molecules [10,11] on the macroscopic scale. Approaches such as
Langmuir–Blodgett techniques [12], polymer poling [13] and crystal
engineering [14] have been utilized to realize organized molecular
arrangements. However, these methods usually suﬀer from restrictions
in terms of sophisticated operations and compatible processing ways
[12–14]. The self-assembly process, in which intermolecular interac-
tions such as hydrogen bonding, dipole-dipole interactions, van der
Waals forces and electrostatic interactions can be utilized to control the
organizations of the molecules, is an eﬀective way to construct well-
organized organic functional materials [15,16]. In particular, this low-
cost method is adaptable to solution processing, which is of crucial
importance for organic optoelectronic devices [17,18].
Organic π-conjugated molecules are excellent luminescent materials
because of their high luminous eﬃciency, high charge-carrier mobility,
easy synthesis and diverse ﬁlm-forming methods [19,20]. In addition,
through the modiﬁcation of their molecular structures, the self-as-
sembly of the conjugated molecules and the optoelectronic properties of
the aggregates can be easily tuned, increasing the application possibi-
lities of these organic π-conjugated molecules [20–23]. Fluorenone and
its derivatives are one kind of well-established organic π-conjugated
molecules, and have been widely applied as ﬂuorescent probes [24–26],
solar cells [27,28] and light emitting devices [29–31]. The inter-
molecular interactions and the planar structure of the ﬂuorenone core
and the extruded C═O allow the self-assembly of ﬂuorenone derivatives
in diverse morphologies with distinctive properties [32–34]. Recently,
we have developed a series of brilliant linear and nonlinear optical
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materials based on self-assemblies of ﬂuorenone dyes, such as 2,7-di-
phenyl-9H-ﬂuoren-9-one (DPFO) [35] and its derivative 2,7-di([1,1′-
biphenyl]-4-yl)-ﬂuoren-9-one (4-DBpFO) [36]. Wang et al. have also
synthesized a series of DPFO derivatives [37,38]. The synergetic in-
termolecular interactions in the well-designed molecular structures
render the formation of ordered aggregates which exhibit remarkable
optical properties, including nonlinear optical (NLO) properties
[35,36], aggregation-induced emission (AIE), and multi-stimuli-re-
sponsive properties [37,38]. The above-mentioned excellent optical
properties and the facile preparing process make these ﬂuorenone
based materials promising materials for photonic devices [39] or lu-
minescence switching applications [37]. Furthermore, the distinctive
linear and nonlinear optical properties of these ﬂuorenone based ma-
terials can be ﬁnely tuned by stepwise growth methods [40]. In order to
further explore the supramolecular self-assembly and their corre-
sponding optical properties, we have extended the structure of the
ﬂuorenone molecule by substituting it with 1- or 2-naphthalenyl units
and thus synthesized the corresponding derivatives of 2,7-di(naph-
thalen-1-yl)-9H-ﬂuoren-9-one (1-DNFO) and 2,7-di(naphthalen-2-yl)-
9H-ﬂuoren-9-one (2-DNFO). The terminal donating groups greatly af-
fect the intermolecular interactions and drive their diverse self-as-
sembly behaviors. Diﬀerent polymorphs of 1-DNFO and 2-DNFO have
be realized by careful selection of the growth conditions. The diﬀerent
crystal phases have been found to undergo thermal induced phase
transitions, and the diﬀerent morphologies show very distinctive linear
and nonlinear optical properties. Detailed studies of the control of the
morphologies, phase transitions and the corresponding linear and
nonlinear optical properties of DNFOs show that these kind of materials
are potential candidates for applications in photonic devices.
2. Results and discussion
2.1. Synthesis and preparation
The model compounds 1-DNFO and 2-DNFO have been synthesized
by the Suzuki coupling reactions between 2,7-diiodoﬂuorenone and the
corresponding 1-, and 2-naphthalenylboronic acids as a greenish yellow
powder in a yield of 60%, and an orange powder in a yield of 40%,
respectively (see Scheme 1 for the synthetic route, and details in SI). 1H
and 13C NMR spectroscopy as well as high resolution mass spectrometer
(HRMS) have been used to characterize the chemical structures of both
compounds (SI, Fig. S11-S16).
Single crystals suitable for X-ray diﬀraction (XRD) analyses were
obtained by an antisolvent diﬀusion method. For 1-DNFO, greenish
yellow ﬂake-like crystals (referred to as the α-phase, 1α, CCDC number:
1885921) and brownish yellow needle-like (referred to as the β-phase,
1β, CCDC number: 1885925) were cultivated by using chloroform as
the good solvent and ethanol as the poor solvent, while altering the
ratio and the concentration subtly. Slow diﬀusion of methanol into a
solution of 1-DNFO in tetrahydrofuran (THF) led to brownish yellow
prismatic crystals (referred to as the γ-phase, 1γ, CCDC number:
1885926). For 2-DNFO, we used physical vapour-deposition (sublima-
tion of the 2-DNFO powder) to obtain orange rod-like crystals (referred
to as the α-phase, 2α, CCDC number: 1885927) and the high pressure
solvo-thermal method to get yellow sheet-like crystals (referred to as
the β-phase, 2β, CCDC number: 1885929) in toluene (see details in the
experiment section). Single-crystal XRD analyses show that, of the ﬁve
polymorphs, two are formed in non-centrosymmetric ways. 1α is or-
ganized in an orthorhombic Pca21 space group and 1β crystallize in a
monoclinic Pc space group. The others are arranged in centrosymmetric
ways with a monoclinic P21/c space group for 1γ, an orthorhombic
Pbca space group for 2α, and a monoclinic P21/n space group for 2β,
respectively.
For 1α, in the aob plane, the adjacent molecules are connected by
the C═O⋯H (on ﬂuorenone ring) hydrogen bonds (dO-dH=2.65 Å),
which causes the formation of one-dimensional molecular chains along
the crystallographic a-axis (Fig. 1a). The attraction between the C═O
and the adjacent naphthalenyl H (dO-dH=2.55 Å) drives the afore-
mentioned molecular chains to pack along the crystallographic c-axis
(Fig. 1b). Similarly, for 1β, the intermolecular C═O⋯H hydrogen (dO-
dH= 2.61 Å) bonds and the CeH ⋯ π interactions (dC-dH=2.85 Å)
together facilitate the formation of molecular chains along the c-axis in
the aoc plane (Fig. 2a). The C═O⋯H and the CeH ⋯ π interactions
drive the parallel packing of molecular chains along the b-axis and the
non-centrosymmetric arrangement of the molecules (Fig. 2b).
Molecules in 1γ are attached by the CeH⋯O hydrogen bonds and
CeH ⋯ π interactions, and are arranged in a centrosymmetric way,
packing circularly around the core in the aob plane (Fig. 3a). The
molecules in 2α are connected by the CeH ⋯ π interaction and the
CeH⋯O hydrogen bonds in a centrosymmetric way (Fig. 3b). The di-
hedral angle between neighboring molecules is 53.0° (SI, Fig. S10a). In
crystals of 2β, the staggered dimers are connected by the CeH⋯O
hydrogen bonds and the CeH⋯ π interactions (Fig. 3c). The ﬂuorenone
rings of the molecules in the dimer are almost parallel to each other
(dihedral angle= 0.69°), and the centroids’ distance is 3.66 Å, in-
dicating the existence of π ⋯ π interactions (SI, Fig. S10b).
Self-assembled microcrystals for diﬀerent phases of 1-DNFO were
obtained by a solution based re-precipitation process [41]. Here the
tetrahydrofuran (THF) was used as the good solvent and methanol
(MeOH) was used as the bad solvent. The solution of 1-DNFO in THF
(concentration: 15mg/mL) was injected into methanol to force the
solute to precipitate as well-deﬁned microstructures. The morphologies
depended on the volume ratio of THF to MeOH and the post-procedures
after mixing. When the volume ratio of THF to MeOH was 1:2, micro-
crystals of 1γ (Fig. 4c) were obtained if the mixture was left without
disturbance after the injection. However, if the mixture was kept
shaking, microcrystals of 1α (Fig. 4a) would soon appear. When the
volume ratio of the two solvents was altered to be 1:3 to increase the
Scheme 1. Synthetic route to 1-DNFO and 2-DNFO.
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relative amount of the anti-solvent, microcrystals of 1α and 1β (Fig. 4b)
would appear sequentially after keeping the mixture still for over 48 h.
The morphology of the obtained crystals also depended on the time that
the precipitate was left in the mother solution before harvesting. If the
mixture was kept still for over 24 h, microcrystals of 1β would partly
converted to microcrystals of 1γ. Presumably, this might be explained
by the re-dissolution of the kinetically stable β-phase followed by the
recrystallization of the thermodynamically stable γ-phase.
For 2-DNFO, its low solubility in normal solvents restricted the
application of the usual methods to get the desired microcrystals. Here
we used a method that is similar to the solvo-thermal method. We
casted powder of 2-DNFO into the solvo-thermal reactor and chloro-
form or toluene was added to partly dissolve 2-DNFO at room tem-
perature. During the solvo-thermal process, the high temperature
(above the boiling point of the applied solvent) and high pressure
(> 1MPa) would create a supercritical environment [42] to realize the
total dissolution of 2-DNFO. After maintaining the high temperature for
12 h, the temperature was slowly lowered down to room temperature
and nuclei would form and then grow to microcrystals. With 210mg of
2-DNFO in 30mL of chloroform, microcrystals of 2α (Fig. 4d) were
obtained by heating the solvo-thermal reactor to 140 °C, while micro-
crystals of 2β (Fig. 4e) were obtained with 60mg of 2-DNFO in 60mL
of toluene by heating the solvo-thermal reactor to 160 °C. We also found
that crystals of diﬀerent phases for 2-DNFO could be obtained by al-
tering the relative amount of 2-DNFO to toluene with the heating
temperature being 160 °C. For a certain amount of 2-DNFO, with the
volume of toluene decreasing, the ratio of the weight of 2-DNFO to the
volume of the toluene increased from 1mg/mL to 3mg/mL, the crystal
precipitates obtained from toluene transferred from 2β to 2α.
2.2. Thermal analysis
The thermodynamic properties of the DNFOs were studied by dif-
ferential scanning calorimetry (DSC) and thermal gravimetric analysis
(TGA). The results as shown in Fig. 5a suggest that 1-DNFO and 2-
DNFO did not decompose until 350 °C. From the afore-mentioned
transition from 1β to 1γ in the mother solution, we speculate that 1α
and 1βmost likely transferred to 1γ during the heating process. To start
the discussion, we ﬁrst commence with the DSC trace for 1γ (Fig. 5d). It
revealed a sharp endothermic peak at 206.6 °C with
ΔH=31.0 kJmol−1 for the initial heating cycle, which is consistent
with the results obtained from the visual melting point apparatus,
which could be attributed to the fusion process of the specimen. The
DSC trace for 1α (Fig. 5b) revealed that it underwent an endothermic
process at about 185–198 °C (ΔH=7.5 kJmol−1) followed by a negli-
gible exothermic process in the vicinity of 198–200 °C (Inset of Fig. 5b,
green-line-circled part). With increasing temperature, the second en-
dothermic peak at 206.5 °C appeared (ΔH=19.1 kJmol−1). The com-
parisons with the DSC results for 1γ and 1α (both the temperature and
enthalpy) suggest that this latter endothermic event can be assigned to
the melting of 1γ, thereby suggesting that the former endothermic
event is associated with the phase transition from 1α to 1γ [43]. The
observations using hot-stage microscopy (HSM, SI, Fig. S1) revealed the
melt-recrystallization process from 1α to 1γ, which coincided with the
endothermal signal before the melting point and the negligible exo-
thermic peak [44]. The negligible exothermic peak may be caused by
two reasons: (1) the transition point is adjacent to the melting point,
and thus the two endothermal events connect to or partly overlap each
other obscuring the tiny exothermal peak between them; (2) the re-
leased latent-heat in the recrystallization process might be mostly re-
absorbed during the melting process, so the exothermic signal is nearly
Fig. 1. Molecular packing of 1α. a) The intermolecular C═O⋯H hydrogen bonds attach molecules along the a-axis (view along c-axis) b) C═O⋯H attraction induces
the molecular chains to pack along the c-axis (view along a-axis).
Fig. 2. Molecular packing of 1β. a) The intermolecular C═O⋯H and CeH ⋯ π interactions drive the formation of molecular chains along the c-axis. b) The zigzag
C═O⋯H and CeH ⋯ π interactions induce the arrangement of molecular chains along the b-axis.
C. Ju, et al. Dyes and Pigments 166 (2019) 272–282
274
undetectable. The subsequent varied-temperature powder X-ray dif-
fraction (VT-PXRD) results conﬁrmed the phase transition in the region
of 175–195 °C. The DSC trace of 1β (Fig. 5c) resembled that of 1α.
Similarly, in the ﬁrst heating cycle, we could assign the ﬁrst en-
dothermic event and the following exothermic event together to a
complete phase transition process from 1β to 1γ. The latter en-
dothermic valley was related to the fusion of 1γ. It revealed the ﬁrst
endothermic valley at about 194 °C with ΔH=4.9 kJmol−1 followed
by a distinct sharp exothermic peak at 195.0 °C with
ΔH=6.3 kJmol−1. It suggests that the transition from 1β to 1γ is so
easy that 1β may not go through the melting process and recrystallize
to 1γ. This speculation explains the afore-mentioned observation of the
transition from 1β to 1γ in solution and can be veriﬁed by the ob-
servations using HSM that only visible color-change happened during
the transition process from 1β to 1γ (SI, Fig. S2). From the DSC traces
for the three forms of 1-DNFO, we can see after the ﬁrst heating process,
that there is no signal for the other heating or cooling processes. It
suggests that the three forms of 1-DNFO stay in an amorphous state
after the fusion processes. The featureless broad peaks in VT-PXRD
results (Fig. 6a and b) conﬁrm this speculation.
The DSC trace of the initial cycle for the 2α (Fig. 5e) showed an
endothermic event at 281.2 °C with ΔH=43.6 kJmol−1 in the heating
process and an exothermic event in the cooling process, respectively.
For the second cycle, the DSC trace reproduced that of the ﬁrst cycle. It
revealed that the 2α recovered after melting and did not undergo any
phase change. By checking the DSC trace for 2β carefully, we could ﬁnd
that there was a tiny endothermic valley centered at 265.9 °C before the
melting point (Fig. 5f). It could be attributed to the irreversible phase
transition from 2β to 2α. The following VT-PXRD clearly showed the
phase transition. Except for the endothermic event corresponding to the
phase transition, the other endothermic or exothermic events are al-
most identical to that of 2α.
For 1-DNFO, there are no peaks corresponding to phase transitions
in the cooling cycles. This might suggest that the phase transitions
among diﬀerent forms are irreversible. The observations from VT-PXRD
and HSM conﬁrm this. For 2-DNFO, the peaks on the cooling traces
show large thermal lags compared with the endothermic peaks which
represent the melting points. It may be attributed to the fact that the
recrystallization process releases an immense amount of heat.
In order to study these phase transitions in detail, in-situ VT-PXRD
Fig. 3. Molecular packing of the three centrosymmetric crystals. a) 1γ: molecules pack around the core attached by C═O⋯H and CeH ⋯ π interactions (view along
the c-axis). b) 2α: molecules attached by C═O⋯H and CeH ⋯ π interactions with the direction of the molecular long axis along the diagonal of the ac plane (view
along the b-axis). c) 2β: dimers connected to each other by C═O⋯H and CeH ⋯ π interactions (view along the a-axis).
Fig. 4. Morphologies of the self-assemblies from the DNFO analogues. For 1-DNFO assemblies: a) 1α, b) 1β and c) 1γ. For 2-DNFO assemblies: d) 2α and e) 2β.
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studies were conducted on diﬀerent forms of 1-DNFO. According to the
turning points shown on the DSC traces, the specimens of 1α and 1β
were heated up to 193 °C. The PXRD proﬁles for 1α and 1β remained
unchanged in the range of 25–190 °C. By further heating up to 193 °C, a
marked change in the PXRD proﬁle for 1β appeared. The comparison
with the simulated PXRD data conﬁrmed the conversion from 1β to 1γ
(Fig. 6b). With the temperature going up to 193 °C, the PXRD proﬁle for
1α also witnessed a marked change and matched with the simulated
PXRD data for 1γ, which was consistent with the conversion from 1α to
1γ (Fig. 6a). To check whether the transitions of 1α and 1β to 1γ are
reversible, the specimen were cooled down to 25 °C and re-heated up to
the transition temperature. The comparisons with the simulated PXRD
proﬁle of 1γ show that the forms of the powder of 1α and 1β stay the
same after the transitions, suggesting that the transitions of 1α and 1β
to 1γ are irreversible. After that, both of the specimens of 1α and 1β
were heated up to 220 °C till the smeared peak appeared which revealed
the fusion of the specimens. The proﬁle of the curves remained un-
changed after cooling to 25 °C, which meant that the specimens stayed
Fig. 5. The thermal analyses of diﬀerent forms of 1-DNFO and 2-DNFO. a) TGA curves of 1-DNFO and 2-DNFO from 25 to 800 °C. DSC traces of b) 1α, c) 1β, d) 1γ, e)
2α and f) 2β are shown with the annotations of temperatures and enthalpy, the partial enlargement details of the transition are in the insets. Red traces show the
heating process while green traces represent the cooling process, with the heating or cooling rate of 1 °C/min. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the Web version of this article.)
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in the amorphous states (Fig. 6a and b), revealing that after the tran-
sitions of 1α and 1β to 1γ, the 1γ couldn't recover from the fusion state
(amorphous state) with the dropping of the temperature.
VT-PXRD studies were also conducted on 2-DNFO, and the afore-
mentioned DSC trace for 2β showed the phase transition happened in
the vicinity of 265–270 °C. We checked the PXRD of 2β in the tem-
perature range of 25–270 °C. It revealed that the PXRD proﬁle did not
change until ∼270 °C. The PXRD data in the range of 25–270 °C
(Fig. 6c) showed clear PXRD proﬁle shifts from 25 to 270 °C and
comparisons with the simulated PXRD data of 2α revealed the phase
transition from 2β to 2α. To check whether the transition is reversible,
the powder was cooled down and re-heated. During the process, we did
not see changes of the PXRD proﬁles, which meant the specimen stayed
in the 2α form. When the specimen was heated up to 315 °C, the PXRD
proﬁle did not show any change until the fusion of the powder (the
featureless peaks in Fig. 6c). However, unlike 1γ, after cooling down to
25 °C, the PXRD proﬁle of 2α could recover, which was consistent with
the DSC result shown in Fig. 5f.
2.3. Linear optical properties
The absorption spectrum of the solution of 1-DNFO in CHCl3 shows
a peak centered at 427 nm in the visible region, while the absorption
peak is at 445 nm for 2-DNFO. The maximum emission is at 553 nm and
559 nm for 1-DNFO and 2-DNFO, respectively (Fig. 7a and b). Com-
pared with the emission of the solution of 1-DNFO in CHCl3, 1α shows a
hypochromic while 1β and 1γ show a bathochromic shift. For 2-DNFO,
2α and 2β both show bathochromic shifts in emission compared with
that of the solution in chloroform. We infer that the diﬀerences in
emission of diﬀerent polymorphs are dependent on the intramolecular
conformation. On the single molecule level, the dihedral angles be-
tween the peripheral naphthalene units and the connected ﬂuorenone
phenyl unit inﬂuence the coplanarity of the whole molecule. In single
crystals of 1α, naphthalene units have two twisted angles of 46.2° and
77.2° with the core unit. For 1γ, the angles are 52.0° and 54.0°. The
angles get much smaller in the 1β polymorph (42.8° and 49.3°). This
indicates that the π-conjugation in 1β is stronger than that in 1γ and the
π-conjugation in 1α is the weakest. It coincides with the fact that the
emission of 1β peaks at the longest wavelength, followed by the 1γ and
1α. For 2-DNFO, the torsion of the molecule is stronger in 2β and the
emission is centered at a shorter wavelength compared with 2α (SI, Fig.
S4-S8).
Time-resolved ﬂuorescence measurements show bi-exponential de-
cays for all the solutions or solids of 1-DNFO and 2-DNFO in the na-
nosecond range. The average ﬂuorescent lifetimes of the solutions of 1-
DNFO and 2-DNFO are shorter than the corresponding crystal coun-
terparts, respectively, consistent with the fact that the ﬂuorescence
lifetime in the solid state is longer than that in solutions for general
chromophores [45]. The decay processes in the solutions of 1-DNFO
and 2-DNFO are much faster than that in the crystal states, as can be
seen from that the values of knr and kr in the solution states that are one
order of magnitude higher than those of the solid states (Table 1). On
Fig. 6. VT-PXRD studies revealing phase transformations of the three polymorphs of DNFOs. a) VT-PXRD studies of 1α, which shows the conversion from 1α to 1γ, b)
VT-PXRD studies of 1β, which shows the conversion from 1β to 1γ, c) VT-PXRD studies of 2β, which shows the conversion from 2β to 2α. To check whether the
transitions are reversible, all the three studies contained two heating and cooling cycles. The samples were ﬁrstly heated up to the transition temperature point and
then cooled down to room temperature, and later the specimens were heated up to fusion and cooled down to room temperature again.
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the other hand, diﬀerent crystal polymorphs for the same compounds
also show diﬀerent ﬂuorescence lifetimes. For 1-DNFO, the ﬂuores-
cence lifetime increases as the sequence 1α < 1β < 1γ (Table 1). We
speculate that the ﬂuorescence lifetime is related to the molecular
conﬁguration rearrangement during the excitation processes of the
molecules in these crystal phases [37]. In 1α, the molecule pairs join
two up-down adjacent molecules together and the ﬁve-membered ring
(including the electronegative carbonyl groups) are adjacent to and
partly overlap with the electropositive phenyl units (SI, Fig. S9a). This
may facilitate the formation of excimers and reduce the time of con-
ﬁguration rearrangement [37]. As a result, 1α exhibits a shorter
ﬂuorescence lifetime. However, we could not ﬁnd a similar packing
mode in the other crystal phases of 1-DNFO. In the single crystal
structure of 1γ, the excimers are formed by the four adjacent molecules
connected mainly through the strong hydrogen bonds (SI, Fig. S9c). In
the excitation process of one molecule, the oxygen atoms with high
electronegativity are inclined to bind the electropositive hydrogen
atoms of another ground-state molecule along with the forbidden
Fig. 7. The linear optical response of DNFO series compounds. Comparisons of absorption and emission of a) 1-DNFO and b) 2-DNFO solutions (10−4 M in
chloroform). Comparisons of ﬂuorescence of diﬀerent crystal phases and solution (10−5 M in chloroform) of c) 1-DNFO and d) 2-DNFO. Insets show the photos of
diﬀerent crystal phases under visible light (above) and ultraviolet light of 365 nm (below). Fluorescence decay proﬁles of diﬀerent crystal phases and solution
(10−5 M in chloroform) of e) 1-DNFO and f) 2-DNFO.
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relaxation of the singlet excited state [37]. The long charge-transfer
distance and high stability of the excited state signiﬁcantly increases
the ﬂuorescence lifetime of 1γ [37]. The arrangement of the molecules
in single crystals of 2β is similar to that of 1γ, and thus it is reasonable
for 2β to have a longer ﬂuorescence lifetime than 2α.
As can be seen from Table 1, the crystal phases of 1-DNFO and 2-
DNFO show higher ﬂuorescence quantum yields (Φ) than those of the
corresponding solutions of the two compounds. This may be attributed
to the restrictions of the rotations of peripheral naphthalenyl units in
the crystal states of the two compounds [36], which inhibit the energy-
consuming nonradiative decay processes. In addition, the compact de-
gree of the molecules in the unit cell of the crystal may also inﬂuence
the ﬂuorescence quantum yield. The packing of the molecules in the
unit cell becomes denser as the sequence 1α< 1β < 1γ for 1-DNFO
(SI, Fig. S9a-S9c and Table S1), and the ﬂuorescence quantum yield
becomes higher in the same order. We speculate that the denser packing
of the molecules in the unit cells will restrict the free space as to restrain
the internal vibrations or rotations of the crystals [46], and therefore
restricts the nonradiative processes. It shows that the ratio of kr to knr
becomes larger in the order of 1α< 1β < 1γ for 1-DNFO respectively,
which coincides well with the aforementioned speculation. Compared
with that of 2β, the ratio of kr to knr for 2α is smaller, which suggests
that the nonradiative decay is larger for 2α and explains why the
ﬂuorescence quantum yield gets smaller.
2.4. Nonlinear optical properties
The non-centrosymmetric arrangements of 1α and 1β endow them
with second-order nonlinear optical properties. A home-built femtose-
cond laser scanning microscope [35] was utilized to characterize the
NLO properties of the crystals of 1α and 1β. As shown in Fig. 8a and b,
sharp peaks appear at the half-wavelength of the incident beam which
can be attributed to the second harmonic generation (SHG) signals. The
broader bands centered at 525–550 nm, which are similar to the
ﬂuorescence spectra and only show variations in intensities with the
diﬀerent incident beams, can be attributed to two-photon excited
ﬂuorescence (TPF). The TPF signal for 1α was registered around
525 nm whilst the signal for 1β centered around 542 nm. This diﬀer-
ence in TPF spectra coincides with the 24 nm diﬀerence in the linear
ﬂuorescence spectra for 1α and 1β (Fig. 5c and Table 1). The intensity
of both SHG and TPF scale quadratically with the input power, which is
illustrated by the power-dependence measurements shown in Fig. 8c
and d, conﬁrming the two-photon origin of these two NLO processes.
To investigate the relationship between the diﬀerent morphologies
and the NLO properties of the crystals, the polarization-dependence of
the SHG and TPF signals of 1α and 1β were recorded. In the polar-
ization-dependent experiments, both the excitation and detection an-
gles were ﬁxed at 45° from the surface normal, and the deviation angle
from the p-polarization in clockwise direction was deﬁned as the po-
larization angle. As shown in Fig. 8f, the experimental SHG and TPF
signal intensities for 1β both possess two-lobe shapes and could be well
ﬁtted using cos4θ [47] and cos2θ [48] curves, respectively, which
veriﬁes the high crystalline nature of the polymorph. The appearances
of SHG and TPF signals of 1α are diﬀerent from that of 1β. It is obvious
that side “minor wings” appear in the SHG response of 1α, while the
TPF response has four-fold symmetry. For SHG signals of 1α, there may
be quadrupole contributions in the response, which may be caused by
the inﬂuence of the substrate border and the edges [49]. Besides, the
coupling of nonparallel electric dipoles [50] and polarization directions
[51] may also induce the formation of the “minor wings”. For TPF
signals of 1α, the quadrupolar mode might be related to the size of the
particles [52–54] and the crystal symmetry along with the direction of
the ﬂuorophores in the crystal [35,54,55]. All of these are closely re-
lated with the packing mode or defects of the crystal [56,57]. The po-
larization ratio, ρ= (Imax - Imin)/(Imax + Imin), has been calculated to be
0.62 ± 0.01 and 0.27 ± 0.01 for SHG and TPF of 1α, respectively.
However, the values of ρ of SHG and TPF of 1β are 0.98 ± 0.01 and
0.54 ± 0.01, respectively. It may suggest that SHG is more sensitive
than TPF to the crystal symmetry [36], especially for 1β.
For the centrosymmetrically arranged 1γ, 2α and 2β, the micro-
crystals are expected to exhibit only third-order nonlinear responses
rather than second-order nonlinear responses. The NLO properties of
1γ, 2α and 2β have been recorded by using the aforementioned home-
built femtosecond laser apparatus. The registered ﬂuorescence spectra
for 1γ, 2α and 2β peak at 540 nm, 567 nm and 561 nm (Fig. 9), re-
spectively, which are consistent with the one-photon ﬂuorescence
spectra shown in Fig. 7. In addition, the TPF intensities of these mi-
crocrystals show quadratic power dependence on the input laser power,
which conﬁrms the two-photon origins of these NLO processes (insets of
Fig. 9a, c and 9e). We have also checked the polarization dependence of
these TPF responses on the direction of the pump. We chose horizon-
tally aligned microcrystals as objects and the intensities changed with
the polarization angle were depicted. It can be seen from Fig. 9b, d and
9f that all of these polymorphs show two-lobe proﬁles with diﬀerent
orientation angles. This is a result of the good arrangements of dipole
moments in these microcrystals. For 1γ, the highest TPF signal was
observed at the angle of about 42° and 222° (ρ=0.55 ± 0.01). The
highest TPF signal was registered at the angle of about 150° and 330° for
2α (ρ=0.87 ± 0.01) while the highest values of the TPF signal of 2β
were recorded at about 174° and 354° (ρ=0.55 ± 0.01). The moderate
polarization ratio values show that the TPF is not so sensitive to the
crystal symmetry [36], as is depicted before.
3. Conclusion
In conclusion, we have designed and synthesized two π-conjugated
compounds based on the naphthalenyl substituted ﬂuorenone. We in-
vestigated the inﬂuences of the adjustments of the linkage positions of
the naphthalenyl to the ﬂuorenone core on the intermolecular inter-
actions and got diﬀerent morphologies with diﬀerent molecular ar-
rangements. Through the careful selection of the ratio of the solvents
and concentrations of the solutions, we obtained diﬀerent microcrystals
Table 1
Photophysical data of DNFO series compounds.
State λAbs [nm] λFL [nm] Фa [%] Stokes Shift [cm−1] τ [ns] krb [× 106 s−1] knrb [× 107 s−1]
1α – 541 5.73 – 17.8 3.22 5.30
1β – 565 6.10 – 21.4 2.85 4.39
1γ – 555 7.90 – 26.1 3.03 3.53
1-DNFO Solutionc 425 555 3.80 5511 3.28 11.6 29.3
2α – 579 3.53 – 26.2 1.35 3.68
2β – 570 6.21 – 19.1 3.25 4.91
2-DNFO Solutionc 445 559 3.30 4583 7.94 4.16 12.2
a Absolute quantum yield, excitation wavelength: 425 nm for 1-DNFO and 445 nm for 2-DNFO.
b Rate constants for radiative (kr) and nonradiative decay (knr) were calculated according to: kr =Φ/τ and knr = (1−Φ)/τ.
c In CHCl3.
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of the compounds with diﬀerent phases. We investigated the phase
transitions among diﬀerent polymorphs and found that the linear and
nonlinear optical properties of these materials are highly dependent on
the polymorphic architectures. The feasible control of morphologies
exhibiting distinct optical properties by solution processing make this
kind of materials potential candidates for the applications in optical
devices.
Fig. 8. Nonlinear optical properties of 1α and 1β. Spectra collected from a ﬁxed spot of a) 1α and b) 1β at diﬀerent wavelength, normalized to the power of the input
laser. For clarity, only spectra excited by wavelengths between 780 and 940 nm with an interval of 20 nm are shown. Power dependence of SHG and TPF of c) 1α and
d) 1β plotted in a logarithmic scale. Polarization dependences of SHG and TPF of e) 1α and f) 1β, in which the dots are the experimental data and the lines are the
ﬁtted results. The result of SHG of 1α is ﬁtted with the function of cos4θ+ cos2θsin2θ+ sin4θ [58], while the result of SHG of 1β is ﬁtted with the function of cos4θ.
Both of the TPF results of 1α and 1β are ﬁtted with the function of cos2θ. Laser pump: 800 nm, 100 fs, 82MHz. For the wavelength dependence test, the laser is p-
polarized. Incidence and detection angles are 45° from the surface normal.
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